Dissociated cultured rat hippocampal pyramidal neurons respond to estradiol with a time-dependent, twofold increase in density of their dendritic spines. This effect is mediated by an estrogen receptor, probably of the alpha nuclear receptor type. In searching for the molecular mechanisms leading from the initial activation of the estrogen receptor to the final formation of new dendritic spines, we found that estradiol acts on GABAergic interneurons expressing the estrogen receptor by decreasing their inhibitory tone. In culture, this is assumed to cause a shift in the balance between excitation and inhibition toward enhanced excitation, overactivation of the pyramidal neurons, and subsequent formation of novel dendritic spines. The action of estradiol on spine formation is mediated by phosphorylation of cyclic AMP response element binding protein in the pyramidal neurons and is blocked when inhibition is enhanced by diazepam and when excitation is blocked by tetrodotoxin. Progesterone blocks the effect of estradiol on dendritic spines through its conversion to tetrahydroprogesterone, which enhances GABAergic inhibition. Subsequent to formation of novel dendritic spines, there is an increase in the density of glutamatergic receptors in the affected cells, an increase in the cellular calcium response to glutamate, and an increase in network synaptic activity among the cultured neurons.
Ever since the original description of dendritic spines by Ramon Y. Cajal, their role in synaptic communication remained an enigma. The great variety of dendritic spines and their ability to undergo lasting morphological variations led to the intuitive belief that dendritic spines constitute the morphological substrate of memory. Thus, an understanding of the rules which govern spine plasticity, and the underlying cellular and molecular mechanisms by which they exert their effects, are imperative for the understanding of neuronal plasticity. The observation by Woolley et al. (1990) that dendritic spine density in the hippocampus, an area in the brain not particularly associated with sexual behavior, varies markedly across the estrus cycle, contradicted common beliefs about the longevity of dendritic spines. Woolley et al. (1990) found that spine density peaks during proestrus, when estrogen levels are high, and return to normal density during estrus, coincident with rising levels of progesterone. It was also shown that the lowering of spine density on the day of estrus was not due solely to the decline in levels of estradiol; progesterone facilitated the decline, and antiprogestin prevented it. Thus, changes in spine density appeared to be an active process, with hippocampal cells responding to the relative balance between estrogen and progesterone levels. Apparently, this conclusion deviates from the common notion of spines subserving long-term memories. Nonetheless, the large variations in spine density caused by estradiol encouraged us to initiate a search for the cellular and molecular mechanisms underlying spine plasticity.
We chose to use the dissociated rat hippocampal pyramidal neuron, grown in culture for 2-3 weeks (Papa et al., 1995) . Exposure to 17-␤ estradiol (estradiol) caused a twofold increase of spine density in the neurons, which peaked within 2-3 days after onset of exposure (Murphy and Segal, 1996) . This effect was stereoselective and blocked by the estrogen receptor antagonist tamoxifen. In search for the molecular mechanisms leading to the increase in spine density, we found that the protein kinase inhibitor H7 blocks the estradiol response. Exposure to estradiol caused a marked increase in nuclear staining for phosphorylated cyclic AMP response element binding protein (CREB). A similar time-dependent, delayed increase in activation of immediate early gene cFos has been reported recently (Rudick and Woolley, 2000) . Blockade of cAMP-regulated protein kinase A eliminates estradiol-evoked spine formation as well as the CREB response (Murphy and Segal, 1997) . A specific antisense oligonucleotide eliminated the pCREB response to estradiol as well as the formation of new dendritic spines. These results indicate that CREB phosphorylation is a necessary step in the process leading to generation of new dendritic spines (Segal and Murphy, 1998) .
More recently, estrogen alpha receptors have been localized to the nuclei of aspiny, inhibitory hippocampal interneurons in vivo , indicating that their effect on spiny pyramidal neurons may be indirect. The distribution of the estrogen beta receptor is different from that of the alpha receptor (Li et al., 1997) and, in culture, its antibody does not seem to stain the cells as good as the one for the alpha receptor (D.M., unpublished observations). We therefore examined the possibility that estradiol affects spine density by regulating inhibition in cultured hippocampal interneurons (Murphy et al., 1998a) . Immunocytochemically, estrogen alpha receptors were found to be colocalized with glutamate decarboxylase-(GAD) positive neurons (about 21% of total neurons in the culture). Exposure of cultures to estradiol for 1 day caused a marked decrease (by up to 80%) in the GAD content of the interneurons, measured both by immunohistochemistry and Western blotting. Also, the number of GAD-positive neurons in the cultures decreased to 12% of the total cell population. Moreover, GABAergic miniature inhibitory postsynaptic currents (IPSCs) were reduced both in size and frequency by estradiol, while miniature EPSCs increased in frequency. We could mimic the proposed effects of estradiol by blocking GABA synthesis with mercaptopropionic acid (MA). Cultures treated with MA expressed a dose-dependent decrease in GABA immunostaining which mimicked that seen with estradiol. MA-treated cultures displayed a significant 50% increase in dendritic spine density over controls, similar to that produced by estradiol. These results indicate that estradiol decreases GABAergic inhibition in the hippocampus, which appears to effectively increase the excitatory drive on pyramidal cells and thus may provide a mechanism for formation of new dendritic spines (Fig. 1) . The additional observation that the effects of estradiol on both pCREB and spine density was blocked by tetrodotoxin, which reduces network activity, and by diazepam, which enhances inhibitory tone in the culture, strengthen the proposition that estradiol acts on production of spines by enhancing excitatory drive in the cultured network.
We also found that estradiol downregulates brainderived neurotrophic factor (BDNF) immunofluorescence in cultured hippocampal neurons to 40% of control values within 24 h of exposure (Murphy et al., 1998b) . This was also associated with a decrease in inhibition and increased excitatory tone in pyramidal neurons. Exogenous BDNF blocked estradiol's effects on spine formation, and BDNF depletion with a selective antisense oligonucleotide mimicked the effects of estradiol. Addition of neutralizing BDNF antibodies also increased spine density. These observations demonstrate a functional link between estradiol, BDNF (as a potent regulator of GABAergic interneurons), and activity-dependent formation of dendritic spines in hippocampal neurons (Fig. 1) .
Progesterone has been shown to directly modulate GABAergic receptors, through its conversion by specific reductases to tetrahydroprogesterone (THP) or other neuroactive steroids. Thus, by directly modulating GABAergic function, much like the effect of diazepam, progesterone may counteract the effects of estradiol (see also Smith et al., 1998) . The action of   FIG. 1 . Schematic diagram of the proposed molecular pathways leading from the activation of an estrogen receptor to the formation of dendritic spines. It is proposed that activation of the estrogen receptor alpha on interneurons (round cell on the right) reduces BDNF and subsequently GAD expression and causes a reduction in inhibitory tone in the culture, leading to an increase in excitatory tone (triangles indicate pyramidal neurons). The effects of estradiol are blocked either by reducing excitation with APV or TTX or by enhancing inhibition with progesterone, diazepam (DZ), and BDNF. Within the postsynaptic pyramidal cell, excitation leads to an increase in free intracellular calcium concentration and CREB phosphorylation, which leads to activation of the nucleus to produce more spine-associated proteins. The entire sequence of events take 24 -48 h to cause an emergence of novel dendritic spines.
progesterone was characterized within the molecular cascade triggered by estradiol. BDNF, GAD, and GABA immunoreactivities were assayed in estradioltreated cultured hippocampal neurons and compared to neurons treated simultaneously with estradiol and progesterone (Murphy and Segal, 2000) . The extent of CREB phosphorylation and the overall spine densities were also assayed and compared. The cultures were then assessed for their ability to convert progesterone to THP, and the effects of THP on GABAergic activity and spine density were examined directly. The results suggest that progesterone counteracts the effects of estradiol on cellular excitability and eventual spine formation by affecting GABAergic inhibition in culture. This effect of progesterone was blocked by a reductase inhibitor and mimicked by THP, which enhances GABAergic tone in the culture.
In an attempt to correlate the increase in spine density with functional attributes of the hippocampal network, and to try to detect downstream processes activated by CREB, we studied the effects of estradiol on hippocampal cellular activity. In earlier studies, we found that estradiol, in addition to its effect on postsynaptic dendritic spines, also causes a marked increase in density of the presynaptic marker, synaptophysin (Murphy and Segal, 1996) . This indicates that the novel spines are likely to be innervated by presynaptic terminals, thus forming functional connections. Additionally, estradiol has been shown to cause an increase in reactivity of hippocampal neurons to glutamate, with enhanced reactivity to activation of both the NMDA and AMPA receptor species (Murphy and Segal, 1996) .
To assess the functional consequences of these changes, we recorded spontaneous activity in populations of neurons in culture, stained with the calcium indicator Fluo-4 that allows us to monitor calcium transients at fairly high temporal and spatial resolution simultaneously from all cells in a field of view. In mature cultures, spontaneous calcium fluctuations reflecting synaptic currents and spike-associated calcium currents could be recorded. The recorded activity could either be asynchroneous, representing independent activity in the different cells in the culture, or synchroneous, reflecting a coordinated activity of many or most of the cells in the culture. This spontaneous activity was age-dependent; the older the cultures, the more synchronous and the higher the intensity of the calcium fluctuations. In 2-week-old cultures, which expressed relatively little spontaneous activity, etradiol caused a significant enhancement of synchroneous network activity in the culture (Fig. 2) . This enhanced network activity may underlie the enhanced susceptibility to epileptic seizure found in rats during estrus (Buterbaugh and Huden, 1991) as well as in human epilepsy (Rodriguez Macias, 1996) . The enhanced excitability of the hippocampus following exposure to estradiol may also underlie the enhanced reactivity to afferent stimulation (Foy et al., 1999; Cordoba Montoya and Carrer, 1997) and the beneficial effect of estrogen replacement therapy (Hendersen, 1997) . We would then suggest that the formation of novel dendritic spines is one of the results of an increase in network activity and excitability produced by estradiol in the hippocampus. In this respect, the effects of progesterone, to reduce the efficacy of estradiol, is likely to be mediated by an effect of THP to potentiate ongoing inhibition in the affected hippocampus. THP has a powerful modulatory role on GABAA receptors, as suggested before (Smith et al., 1998) .
The increase in spine density may then serve a neuroprotective role (Segal, 1995) , which may under- lie the beneficial effect of estradiol in women who take estrogen replacement therapy (Hendersen, 1997) . This estrogen-receptor-mediated, slow-onset (24 -48 h) increase in hippocampal excitability is mechanistically different from a rapid-onset effect of estradiol (Foy et al., 1999) reported to enhance NMDA or AMPA receptors and affect long-term potentiation in hippocampal slices. In fact, more recent studies indicate that estradiol may have multiple independent effects on neuronal properties that are mediated by membrane receptors, associated with extracellular receptor kinase, which are not at all related to the slow, nuclear receptor-mediated functions (Kuroki et al., 2000; Shughrue and Merchenthaler, 2000) seen here. It is not likely that these fast membrane effects are the ones mediating the action of estradiol on dendritic spines, as other fast agents do not mimic the effects of estradiol. In any case, the multiple actions of estradiol on neurons indicate that it is no longer a "simple" sex hormone but a complex signaling hormone with functions ranging from neuroprotection to modulation of neuronal responses to afferent stimulation and has a role in different underlying second messenger systems.
